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MOLECULAR 



REPRODUCTION AND DEVELOPMENT «=S1«28 (1997) 



XP-002099971 
Development of a Positive Method for Male Stem 
Si-Mediated Gene Transfer in Mouse and Pig 



ABSTRACT Classical approaches for produc- 
inE Transgenic livestock require labor-intensive, time- 
consuming, and expensive methods wth low efficiency 
of transgenic production. A 

producing transgenic animals by us.ng ^a^e stem ceils 
was recently reported by Brmster and Z'«™ erT " a " n 
SSJpE : NaU Acad Sci 91:11298-11302) and by 
Brmster and Avarbock (1994: Proc Natl Acad Sc. USA 
91 11303-1 1307). However, .n order o apply this 
technique to producing transgenic an.mals, some d.ff, 
culties Save to be overcome. These include a sat.sfac- 
SS mefhod for short-term in vitro culture for drug 
selection after transfection with exogenous DMA and 
methods for the use of livestock such as pigs W 
Soped a new method for transferring brejpDW 
into male germ cells. Mice and pigs were treated with 
b sulfan, a g n alkylating agent, to destroy the developing 
male germ cells, and liposome/bacter.al LacZ gene 
complexes were introduced into each seminrferous 
S by using a microinjection needle As a control 
SofecSwas dissolved in phosphate-buHered saline at 
a ratio of 1:1 , and then injected into seminiferous tubules _ 
in mice 8 (M4 8% of seminiferous tubule expressed 
he SoduSd LacZ gene, and 7-13% of ep.didymal 
spermatozoa were confirmed as having foreign DNA by 
polymerase chain reaction. The hposorweted tes- 
tes were all negative for X-gal staining. These resul s 
Indicate that some spermatozoa were successfully 
transformed in their early stages by hposome/DNA 
complexes. In pigs, foreign DNA was also incorpora ted 
efficientjy into male germ cells, and 15.3-25^1% of the 
seminiferous tubules containing germ . cells expressed 
the LacZ gene. The data sugeest that these techniques 
can be used as a powerful tool for producing transgenic 
livestock. Mol. Reprod. Dev. 46:515-526, 1997. 

o 1997Wiley-Uss,lnc. 

Key Words: transgenic; sperm vector; male stem 
cells; liposome; testis; mouse; pig; LacZ 



Brinster et al.. 1993). Although a number of researchers 
ha ve reported production of transgenic sheep tHamm „ 
et al 1985- Wright et al.. 1991), pigs (Pursel et 
1989)' and attle (Bowen et al.. 1994; Stnjker et al 

Sfs often results in an asynchronous W^J* 
embryos. In addition, both the survival of a zygote after 
Section ^^^^^^ 

^S^a^^W^^nd 
Gandom; 1993'; Zani et al.. 1995). but this techn^e 
remains unproved and is stilt under examination AM 
Sh"w et al. 1990, Bnnster et al., 1989; Maddox, 1989V 

'addressed, no group has produced transgen.c l.vestock 
^Recen^yTwas're^rted that early male germ cells, 
before the onset of chromatin condensation, were ^suc- 
cessfully transfected and cultured in vitro to round 
spermatids having haploid chromosomes f Hoffman et 
al 1992 1994; Minoo et al.. 1993; Plauis-Fluckhnger et 
a " 1993) Brinster and Avarbock (1994a) and Bnnster 
a nd Zimmermann (1994b) reported a technique with 
which they transplanted testis-derived cells mtc .mouse 
seminiferous tubules of infertile recipients and pro- 
duced progeny derived from donor male germ cells 
However, the application of these ^o techn.ques to 
produce transgenic animals will depend upon the cul- 



INTRODUCTION 

The first genetically engineered transgenic were 
produced by microinjecting fore.gn DNA mto the pro- 
nucleus of a zygote, and then subsequently t^sferring 
the zygote into a recipient female (Pal miter etal.. 1982 
Gordon and Ruddle, 1983; Palm.ter and Bnnster. 1986. 
© 1997 WILEY-LISS, INC. 



Abbreviations: X-gaJ. 5-brome-4-chIoro-3-indolyl-D-g B I«ct«ide| PCR, 
, rC rhoin reaction- FBS fetal bovine serum; BSA, bovine 
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tore conditions of undifferentiated spermatogonia dur- 
ing gene manipulation in vitro. In addition, the seminif- 
erous tubules of a pig, unlike those of a mouse, are 
hardly visible under light microscopy. 

Mammalian spermatogenesis involves a highly regu- 
lated proliferation and differentiation or germ cells 
within the seminiferous epithelium. In the production 
of transgenic animals, potentially, transfection of tes- 
ticular stem cells might be used with advantage, as 
they undergo sclf-rcncwal and replicate large numbers 
of pluripotent stem cells, while differentiated spermato- 
gonia produce only four spermatozoa. For this purpose, 
developing male germ cells destroyed by treatment 
with busulfan (Bucci and Meistrich, 1987) might be 
replaced by male germ cells transfected directly by 
introducing liposome/DNA complexes into mouse semi- 
niferous tubules or pig testes. In this study, we asked 
whether direct transfection of liposome/DNA complexes 
into the germ cell-depleted testes with only male stem 
cells could increase the efficiency of production of 
transgenic livestock. The rationale is based on the 
assumption that transfected male stem cells should 
replicate and/or differentiate into mature sperm cells, 
which might transfer foreign DNA into the zygote 
genome at fertilization. 

MATERIALS AND METHODS 
Mice 

Young ICR mice (30-40 g, 8-12 weeks old) were 
housed in wire cages and fed ad libitium. The mice were 
maintained at 22 ± 1°C under a 12-hr light-dark cycle 
with 70% humidity. Animals were maintained and 
experiments were conducted in accordance with the 
Kon-Kuk University Guide for the Care and Use of 
Laboratory Animals. 

Preparation of Spermatozoa 

Epididymal spermatozoa were obtained from caudal 
epididymides of ICR mice as described by Lavitrano et 
al. (1989). Sperm was adjusted to a final concentration 
of 3 x 10 6 /ml by hemocytometer counting and incu- 
bated for 15 min at 37°C in 5% CO* in air for transfec- 
tion with foreign DNA. 

Transfection of Spermatozoa 

The DNA (5.89 kb) derived from the pZIPOOhEPOSV- 
neo plasmid (Goto et al., 1988), which contains human 
erythropoietin and neo genes digested with HindlU 
and rJcoRI, was used for in vitro transfection of sperma- 
tozoa. The DNA (0.6 pg) and liposome (2 ug, Gibco) were 
separately diluted in 20 pi of sterile water and allowed 
to stand for 30 min at room temperature, followed by 
gentle mixing of both solutions. Spermatozoa were 
washed twice with 1 ml of bovine serum albumin 
(BSA)-free in vitro fertilization (IVF) medium (Lavit- 
rano ct al., 1989). Spermatozoa at 1 X 10 fi cells/ml were 
transfected with both linear DNA derived from pZTPXX)- 
KEPOSVneo plasmid and liposome in BSA-free IVF 
medium for 2 hr at 37"C, 5% CO a in air. The sperm cells 




were incubated further for 1 hr after adding BSA (10 
mg/ml) to induce capacitation. The transfected sperma- 
tozoa were thoroughly washed with phosphate-buffered 
saline (PBS) containing 10% fetal bovine serum (FBS), 
and then analyzed by flow cytometry and in situ 
hybridization. To examine DNA uptake in spermatozoa, 
spermatozoa were then treated with DNase I to remove 
exogenous DNA bound onto spermatozoa. 

In Vitro Fertilization 

Female mice were superovulated by sequential injec- 
tion of 5 IU of pregnant mare's serum gonadotropin 
(PMSG, Sigma), followed 48 hr later by 5 IU of human 
chorionic gonadotropin (hCG, Sigma). Oocytes were 
recovered from ampullae at 12-15 hr post-hCG in PBS 
containing 10% FBS. In vitro fertilization was per- 
formed by placing approximately 30 oocytes in 50-ul 
droplets of rVF medium (Lavitrano et al., 1989), and 2 
pi of the transfected sperm suspension (final concentra- 
tion in droplet, 1 x 10 6 spermatozoa/ml) were added. 

Flow Cytometry 

DNA contents of control and treated spermatozoa, 
both with and without DNase I digestion following 
transfection with foreign DNA, were estimated by flow 
cytometry (FACStar, Beckon Dickinson) after staining 
with propidium iodide (1 pg/ml). Cell numbers were 
represented by intensity of staining. Chicken erythro- 
cytes were used as an internal standard for flow 
cytometry. The DNA content in spermatozoa was deter- 
mined at 460 laser light (ultraviolet). 

In Situ Hybridization 

• The transfected sperm samples were fixed with 4% 
paraformaldehyde for 15 min, smeared on gelatin- 
coated glass slides, treated with 0.2 N HC1 and 1 pg/ml 
of proteinase K at 37°C for 30 min, and then refixed 
with 4% paraformaldehyde according to a slightly 
modified method described previously (Bachiller et al., 
1991, Camaioni et al., 1992; Francolini et al., 1993). 
After washing in PBS for 15 min at room temperature 
(RT), hybridization buffer containing 20 ng of probe 
DNA, 6 x SSC, 5 x Denhardt's solution, 45% for- 
mamide, and 10% dextran sulfate was placed on each 
slide and heated for 5 min at 95-100°C. Samples were 
briefly chilled on ice and incubated for 4 hr at 42°C. 
After incubation, slides were rinsed twice in 4% for- 
mamide and 6 x SSC for 15 min at 42°C, and then 
washed twice in 2 x SSC for 5 min at RT and once in 
0.2 x SSC for 15 min at 50"C. The signal of the 
exogenous DNA in spermatozoa was detected as a green 
fluorescence of the FLUOS-conjugated anti-digoxigenin 
antibody by epifluorescence microscopy Sperm nuclei 
were counterstained with propidium iodide at a concen- 
tration of 0.5 pg/ml. 

Analysis of Integration Patterns 

To avoid the ligation of linear DNA, such as head and 
tail array after in vivo transfection, the DNA was 
strictly treated with calf intestine alkaline phosphatase 
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(CIAP, Takara) and tested by ligation reaction. Sperma- 
tozoa transfected with a 5.89-kb HindlWEcoRl frag- 
/ ment derived from pZFP(X)hEPOSVheo plasmid were 
investigated for an array of integrations by PCR. 
Primers for PCR'were prepared according to the method 
proposed by Burdon and Wall (1992): for detection of 
head and tail (3^10 bp), anti 5'-CGTAAACTGAACCAA- 
GATACG-3' (primer 1), and 5 -CAGGAGTGGGCAG- 
GCACGAT-3' (primer 2); for detection of single copy 
(867 bp), 5 ' - G AGTTGGG AAGCTAG AC ACTG-3 ' , and 
anti 5-CTCTCCCTCCTCCCCCTCAGCAGC 3'. PCR of 
spermatozoa was performed according to the method 
described by Li et al. (1988): the spermatozoa were 
treated with DNase I, and then completely washed, 
boiled at 95°C for 10 min to extract DNA, and cooled 
rapidly for 3 min. At 15 hr after in vitro fertilization, 
zygotes were enucleated by drawing the male pro- 
nucleus into a 20-urn beveled pipet as described by 
Hogan et al. (1994). After enucleation, a male pro- 
nucleus was washed into the oocyte manipulation me- 
dium, boiled in PCR buffer at 100°C for 5 min, and 
analyzed by PCR as described above. 

Busulfan Treatment 

Mice and pigs were treated with busulfan, an alkylat- 
ing agent, according to the previous methods with 
minor modifications (Bucci and Meistrich, 1987; Brin- 
ster and Zimmermann, 1994b). Busulfan (40-100 mg/kg 
. of body weight) was completely dissolved using 50 ul of 
N, N-dimcthy-formamide (Sigma), and then 50 ul of 
sesame oil were added. The solution was injected 
intraperitoneally once in mice or twice every week for 5 
weeks in pigs. In this study, 28 mice and 8 pigs from age 
8-12 weeks were used. Among them, 19 mice and 4 pigs 
were used for histological analysis following busulfan 
treatment. Nine mice and 4 pigs were used for gene 
transfer. 

Transfer of Liposome/DNA Complex Into 
Seminiferous Tubules 

The mouse testis was exposed by laparotomy. The 
tunica albuginea of both testes was pierced partially by 
using a sharp 30-gauge needle, and approximately 5-10 
pi of liposome/bacterial LacZ gene, derived from pCHllO 
plasmid under the control of SV 40 promoter (Takeda 
and Toyoda, 1991), complexes (4 pg/1 ug) were intro- 
duced into a site of seminiferous using a microinjection 
needle under light microscopy (Fig. 3). In the pigs, 4 
weeks after the first busulfan treatment; the testes 
were exposed by surgical operation. Then, approxi- 
mately 500 pi of DNA/liposoroe (rate of 1 :4; 10 pg/40 ug) 
complexes were randomly introduced into 3 or 4 sites of 
both testes using a glass microinjection needle after 
piercing the tunica albuginea with a 30-gauge needle. 
Mice and pigs were injected with the liposome/DNA 
complexes twice 7 days between treatments. 

Separation of Male Germ Cells 
Spermatogenic and spermiogenic cells were prepared 
from the testes and purified by the Celsep® (Eppen- 



dorO separation system, according to the method de- 
scribed by Bellve (1993) with minor modifications. 
Briefly, 4—8 weeks after transfection, the tunica was 
removed and testes were dissociated by mincing with 
scissors. The cells were incubated for 30 min at 37"C in 
HBSS (58.44 mM NaCl, 74.55 mM KC1, 137.9 mM 
Na 2 PO„, 0.1% glucose, and 84.01 mM NaHC0 3 ) contain- 
ing 1 mg/ral of collagenase type I (Sigma, catalogue no. 
C-0130) and 1 ug/ml of DNase I. After centrifugation, 
cells were resuspended with 0.25% trypsin/1 mM EDTA 
and incubated for 5 min at room temperature. Then, 
trypsin was removed by centrifugation, and cells were 
separated on a linear gradient of 2-^1% Percoll in PBS. 
After 2 hr of sedimentation at 4°C, cells were collected 
as 40-ml fractions. The cell types of each fraction were 
examined under light microscopy, and fractions contain- 
ing the same cell types were pooled, washed twice with 
PBS, and then analyzed for LacZ expression. 

X-Gal Assay 

Four to 8 weeks after transfection, testes were disso- 
ciated and fixed in 2% formaldehyde for at least 2 hr, 
and then stained overnight in solution (1.0 mg/ml of 
X-gal, 2 mM MgCl2, 5 mM potassium ferricyanide, and 
5 mM potassium ferrocyanide in PBS, (pH 7.4) (Vernet 
et al., 1993). The stained testes were fixed again, embed- 
ded in paraffin, and sectioned by microtome. Expres- 
sion of the bacterial LacZ gene in testes was investi- 
gated under light microscopy. Spermatocytes and round/ 
elongating spermatids separated by Celsep® or 
preimplantation embryos were fixed on fixation solu- 
tion (2% formaldehyde and 0.2% glutaraldehyde in 
PBS. pH 7.4, without Mg +Z and Ca + 2 for 10 min at 4°C). 
The germ cells were washed twice in PBS, and stained 
with X-gal for 12 hr. 

Immunohistochemistry 

Antibody against 3-galactosidase was purchased from 
Oncogene Science. Tissue for immunostaining was 
cleared in histoclear for approximately 10 min and 
dehydrated in decreasing concentrations of ethanol. 
Immunohistochemistry was performed according to 
standard procedures provided by the manufacturer 
(Mouse, Rabbit and Rat UhiTect* 31 Immunohistochemis- 
try System, Oncogene Science). Sections were placed in 
3% peroxide in pure methanol and 0.1% of pepsin in 
0.05 N HC1, pH 2.25, for 30 min to reduce background 
staining. Sections were washed twice (5 rain each) in 
TBS (0.05 M Tris-HCl, pH 7.4, and 0.85% NaCl) and 
blocked with normal horse serum diluted in TBS (1:5; 
NSS-TBS). Sections were incubated for 30 min with 
primary 3-galactosidase antibody diluted at a concentra- 
tion of 1:500 in NHSTBS. One drop of horse serum 
from the ABC Kit was used as a negative control. 
Excess antibody was removed by washing twice for 5 
min with TBS, and then biotinylated secondary IgG 
was added for 30 min, with a rinsing with 3 changes of 
TBS for 5 min. Sections were incubated with ABC 
reagent for 30 min and washed extensively with TBS, 
and rinsed in 1% Triton-X-PBS for 30 sec. The color 
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DNA concentration 

Fig. 1. Analysis of DNA concentration in spermotozo*. l»M r Kj«<j 
• X* ii«n DNA by «o» cytometry. ^"27^ 
460 laser light (ultraviolet) to examine bindmg or uptake o! loreign 
DNA on trans fected spermatozoa. After transection spermatozoa 
Srt thoroughly wa-shTd to remove foreign DNA wh.cn hod . 
interacted with spermatozoa. DNase I treatment was used to remove 

reaction was developed with a solution of 0.5% 
benzidine in 0.05 M Tris-HCl, P H 7.6, containing 0.01% 
hydrogen peroxide. After development of the color 
reaction, sections, were washed in water, dehydrated, 
and mounted with a coverslip. 

RESULTS 
Transfection of Spermatozoa 
lb examine the interaction of liposome/DNA com- 
plexes with epididymal spermatozoa in vttro, spermato- 
zoa transfected with liposome/DNA complexes were 
analyzed by using flow cytometry and in situ hybridiza- 
tion Figure 1 shows the binding of exogenous DNA on 




-1ST 



DNA concentration 

tS-tod witr^ogenous DNA. B. Spermatozoa treated w,th 
DNase T following transection with foreign DNA. 

spermatozoa by flow cytometry, indicating that the 
liposome/DNA complexes were efficiently transfected 
SSZo spermatozoa. The binding of foreign DNAonto 
spermatozoa was confirmed by in situ hybridation 
(F?g 2) Spermatozoa transfected with liposome/DNA 
complexes (64/100) showed a high frequency of binding 
of exogenous DNA. Furthermore, the binding onto 
spermatozoa of exogenous DNA was resistant to DNase 
Treatment, which indicated the presence of exogenous 
DNA inside the sperm membrane. However, expression 
of DNA transfected into spermatozoa was not ^ found m 
embryos after fertilization in vitro ^ato not shoW 
Thu7male pronuclei removed from oocytes fertilized 
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Fig. 2. Association of exogenous DNA in spermatozoa examined by °f«<W«" 
w ..... Tv...:....i«r>Ko U ..u>unnii'inNAwns menlary 



-fluorescent in situ hybridisation The sign;.! nfth* exogenous DNAxv 
detected as a green fluorescence of the KLUOS-conjugaUd an., 
digoxigenin antibody by cpifluorcsccnco microscopy. A m.d B: Patterns 

by the transferred spermatozoa were examined for the 
presence of exogenous DNA. By PCR, exogenous DNA 
was not detected in enucleated nuclei (0/20), but was 
occasionally detected in the cytoplasm (2/30). These 
data indicate that liposome/DNA complexes can be 
bound onto spermatozoa efficiently, but cannot be incor- 
porated into their chromosome DNA. 

In Vivo Transfectiott of Male Stem Cells; 
Using sections of mouse testes, we investigated the 
effects of busulfan in the destruction of developing 
spermatocytes after treatment with busulfan. At 4 
weeks after treatment with busulfan, only type A 
spermatogonia and a few developing spermatocytes in 
seminiferous tubules remained. At 12 weeks, the re- 
maining stem cells were actively dividing and; they 
showed a similar spenniogenesis and spermatogenesis 



s DNA binding in sperm cells. Yellow represents a comple- 
and red. Yellow or green (arrow) mdi- 



menlary color between „ 

sperm cells labeled with foreign DNA. 



fdata not shown). To obtain efficient stem-cell transfec- 
tion, male mice were pretreated with busulfan. Three 
weeks after injection with busulfan, hposome/DNA 
complexes were directly transferred into mouse seminif- 
erous tubules (Fig. 3). Five of the 9 mice lost body 
weight severely and died within 2 weeks of transfer. 
However, testes from both dead and living mice effi- 
ciently expressed the bacterial LacZ gene in spermato- 
gonia and developing spermatocyte cells, as well as in 
Leydig and Sertoli cells (Figs. 4. 5). Furthermore, the 
bacterial LacZ gene was broadly expressed in spite of 
partial transfer of foreign DNA into the seminiferous 
tubules. Control testes transfected with DNA-free lipo- 
somes did not show staining at any of the stages 
examined. To prove expression of exogenous 
p-galactosidase, expression of fi-galactosidase was also 
confirmed by immunohistochemistry analysis using 
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Fig. 3. Tranefer ofUpoKome/DNA complexes into mouse ^mm.r«r 
ous tubules. For DNA transection, see M.tfru.1. Mid Methods. A. 
Control seminiferous tubules (X400V B: Light m.croscopy ^'"'^ 
ous tubule en™ sections at 3 weeks after treatment w.lh busul&n 
(X400). At 3 weeks after busulfan administration, most germ. ce^had 
degenerated, and only type A spermatogonia and K som «^ a ^ r ^ 
remained Arrow, spermatogonia. C: Tunica nlbuginea was pierced 
partially by using a sharp 30-gauge needle, and then hposomc/DNA 
complexes wefL introduced into .he seminiferous tubule by us.ng a 
^injection needle under a microscope 1x40). Arrow, exposed 
seminiferous tubules. 



B-galactosidase antibody (Fig. 5}. One week aaer trans- 
action, the signal was restricted to only type A sper- 
matogonia. However, 6 and 8 weeks after introduction 
of the bacterial LacZ gene; the signal was extended to 
developing spermatocytes, indicating that liposome/ 
DNA complexes transfected male stem cells efficiently. 
Furthermore, the introduced DNA existed in male germ 
cells over 1 month and also showed head and tail array 
indicating that some exogenous DNA was integrated 
into the genome (Table 1). To examine the stable 
expression of the LacZ gene 7 weeks after transfection, 
spermatocytes and round/elongating spermatids scpa 
rated by Celsep® were analyzed by X-gal staining. 
Approximately 3.7-10.3% of round auid elongating sper- 
matids in each testis showed positive X-gal staining 
(Table 2). The total number of germ cells in both 
busulfan-treated and control groups were approxi- 
mately 5 X 10 6 and 3 x 10 8 , respectively. Twelve weeks 
after transfection in busulfan-treated mice, even though 
the number (1 x 10 4 ) of spermatozoa recovered from 
caudal epididymides was low, 7-13% of epididymal 
spermatozoa showed the presence of the introduced 




Fie 4. Transient and stable expression of LacZ gene in mava* male 
germ* cells. For X-gaJ staining, see Materials and Method,. B.ctenol 
LacZ gene was expressed in spermatogone and some spermatocyte* 
(X 100 and X400, A and B) and alao in developing spermatocytes and 
round spermatids (X400, C). L. seminiferous tubule. Arrows in B and, 
C, developing male germ cells. 

DNA by PCR analysis (Table 2>. Although the number 
of sperm cells containing foreign DNA in the ejaculated 
sperm was low, the result indicates that the in vivo 
transfection system could be used as a potential vector 
for production of transgenic animals. In the pig, unlike 
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TABLE 1. Expression Rate and Integration Pattern 
of Exogenous DNA in Testis Following Introduction 
of Liposome/DNA Complexes 



Specie* 



No. of tubules expressed 
W/jnyeatigated' 



4/173 (2.3) 
7/146 (4.7) 
21/143 (14.6) 
16/143 (11.1) 
25/194 (12.8) 

19/160(11.8) 
22/174(12.6) 

72/340 (21.1) 
54/321 (16.8) 
47/187 (25.1) 
69/450(15.3) 



Mouse 1 
Mouse 2 
Mouse 3 
Mouse 4 
Mouse 5 
Mouse 6 
Mouse 7 
Mouse 8 
Mouse 9 
Pigl 
Pig 2 
Pig 3 
Pig 4 

Pig 5 

'Expression of LacZ gene in testis 
X-gal staining. 

•"Integration pattern of introduced 
by PCR. 



TABLE 2. Evaluation of LacZ Expression in Male Germ 
Cells Purified by Celsep™ Method at 57 Days After 
Transfection With Liposome/DNA Complexes 



Integration 


Conditions 


pattern b 


Head/tail 


Dead 


Head/tail 


Dead 


Head/tail 


Dead 


Head/tail 


Dead 


Head/tail 


Dead 




Alive 


Head/tail 


Alive 


Head/tail 


Alive 


Single band 


Alive 


Head/tail 


Alive 


Head/tail 


Alive 




Dead 


Head/tail 


Dead 




Control 



sections was examined by 
foreign DNA was analyzed 



Mouse 


No. (%) of 
X gal-positive 

cells/no. of 
spermatogenic 
cells 


No. (%) of 
X-gal positive 

cells/no. of 
spermiogenic 
cells 


No. (%)of 
PCR-positive 
sperm/no. of 
epididymal 
sperm 


1 


48/259(18.3) 


37/358(10.3) 


13/100(13) 


2 


4/658 (2.1) 


16/268 (5.9) 


11/100(11) 


3 


76/348 (21.8) 


34/896(3.7) 


7/100(7) 



the mouse; it was impossible to distinguish a seminifer- 
ous tubule by microscopic observation because the 
testis of the pig is surrounded by a thick and opaque 
tunica albuginea. Thus, we slightly modified the tech- 
nique for the pig. Eight weeks after transfection, pig 
testes were analyzed for expression of the LacZ gene As 
shown in Figure 6, in the testes of the pig, bacterial 
LacZ gene/liposome complexes were selectively ab- 
sorbed within seminiferous tubules, whereas the lacZ 
gene was clearly expressed in the seminiferous tubules 
containing male germ cells. The rates of LacZ expres- 
sion in testes sections of mice and pigs were 8.0-14.8% 
and 15.3-25.1% of total tubules, respectively. This 
result was compatible with that of mouse spermato- 
cytes and round/elongated spermatids (Tables 1, 2). 

DISCUSSION 

Our aim was to establish whether sperm cells cnuld 
be used as a potential vector for producing transgenic 
animals. The present studies have shown that liposome/ 
DNA complexes efficiently transfected male germ cells 
in vivo. In the mouse, expression of DNA introduced 
into the seminiferous tubules was found in male stem 
cells including developing genn cells and epididymal 
spermatozoa. In the pig, DNA complexes, in this case 



also injected directly into the testis, induced expression 
of foreign DNA in male germ cells. Transfected stem 
cells may therefore be utilized as a tool for the produc- 
tion of transgenic animals, while transfection of epididy- 
mal sperm cells could not be accomplished. 

To utilize spermatozoa as a vector for gene transfer, 
we focused on the possibility of producing transgenic 
animals by in vivo transfection of male stem cells. Male 
germ cells are divided to produce spermatogonia with 
two main types, noncychng (A 0 ) and those that differen- 
tiate into spermatocytes and produce only four sperma- 
tozoa (Bellve, 1993; Bucci and Meistrich, 1987). There- 
fore, it is very important to obtain efficient transfection 
of undifferentiated noncychng spermatogonia in syn- 
chronized testes for producing transgenic animals. How- 
ever, busulfan, which was used to obtain germ cell- 
depleted testes with only male stem cells, was very 
toxic and killed a high percentage of mice. On the other 
hand, animals fed a diet lacking vitamin A showed a 
high survival rate (unpublished data). Also, lethally 
treated mice can be protected by single or combination 
injections with cytokine, such as interleukin 1 (IL-l), 
tumor necrosis factor a (TNF-a), granulocyte/macro- 
phage colony-stimulating factor (G-CSF), and stem cell 
factor (C-kit), or by transplantation of normal bone 
marrow (Zsebo et al., 1996). 

Three weeks after treatment with busulfan, liposome/ 
DNA complexes were introduced into each seminiferous 
tubule by using a microinjection needle under the light 
microscope. All of the testes enucleated from dead and 
living mice expressed the bacterial LacZ gerie in the 
developing spermatocytes and showed stabilized inte- 
gration into the genome iTable 1). Seven weeks after 
transfection, expression of exogenous DNA in spermato- 
gonia or spermatocytes suggested that foreign DNA 
was integrated into the undifferentiated spermatogonia 
(Figs. 4, 5). Apart from the partial transfer into a 
seminiferous tubule, the most striking result of these 
experiments was that the bacterial LacZ gene was 
broadly expressed. This suggested that some liposome/ 
DNA complexes flowed with fluid into the seminiferous 
tubule, and that germ cells or somatic cells were 
transfected by the complexes flowed into another area. 

To determine the percentage of blue vs. nonblue rates 
for expression of the LacZ gene in the spermatid 
reproduced from male stem cells 7 weeks after transfec- 
tion, spermatocytes and round/elongated spermatids 
separated by Celsep® were stained with X-gal and 
counted on a hemocytometer. By X-gal staining, approxi- 
mately 3 .7-10.3% of round and elongated spermatids in 
each testis expressed exogenous DNA (Table 2), al- 
though this was never seen in testes transfected with 



Fig. 6. Stable expression in porcine male germ cells. Pigs were 
treated with busulfan (40-100 mg/Vg of body weight), as described in 
Materials and Methods. A: Lumen containing male germ cells (XlOO). 
B: Lumen containing male genn cells (x400). C: Peritubular cells 
<x 100). D: Leydig cells in seminiferous tubules (*200). Blue (arrow) 
represents 1-acZ expression. 
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DNA-free liposomes. However, the total number of 
germ cells inboth busulfan-treated and control groups 
was approximately 5 X 10* and 3 X 10". -P-J^S 
Also, the number of spermatozoa in busulfan-treated 
mice (1 X 10 4 ) compared to that of control mice was 
very low The viability of spermatozoa was also very 
low, but 7-13% of epididymal spermatozoa were con- 
firmed as having the transfected DNAby PCR(Tab e 2\ 
This finding suggested that Uposome/T)NA complexes 
successfully transformed early germ cells and indicated 
that the foreign DNA was integrated into the host 
chromosome of spermatozoa. 

Since the seminiferous tubule of pigs is surrounded 
by a thick and opaque tunica albuginea, application ot 
this technique to the pig required a slight modification^ 
Even though liposome/DNA complexes were introduced 
randomly into the testis, bacterial LacZ gene/liposome 
complexes were selectively absorbed within seminifer- 
ous tubules, and the LacZ gene was clearly expressed in 
the seminiferous tubules containing male germ cells 
(Fig 6) The optimal dose of busulfan has not been 
determined; pigs pretreated once with a large dose of 
busulfan O200 mg/kg of body weight) died after J-fa 
weeks The cause of death might have been disordered 
blood production, because busulfan also kills hematopoi- 
etic stem cells (Bucci and Meistrich, 1987). 

The other approach, recently applied to mouse male 
germ cells in vitro, is the use of SV40 T ant.gen to 
establish immortalized cell lines. It was reported that 
differentiated male germ cells, before the onset of 
chromatin condensation, were successfully transfected 
and cultured in vitro to round sr^rrna^U having 
hnploid chromosomes (Hoffman et al.. 1992, 1994) It 
was also reported that the mouse mature oocyte can be 
fertilized by fusion with a round spermatid isolated 
from seminiferous tubules, and that the embryo is 
capable of development to term (Ogura et al., ljyj, 
1994). The efficiency of producing transgenic livestock 
may be improved by applying these techniques, while 
the efficiency for in vitro culture of differentiating or 
differentiated male germ cells will be improved (Fei- 
gner et al., 1989; Rotlnian et al., 1992). 

We examined the possibility of using sperm cells as a 
vector for transferring exogenous DNA. Since ^ lectin 
cationic liposome can spontaneously interact with KJN A/ 
DNA and the complexes can also associate with nega- 
tively charged cell membranes such as a sperm head 
(Bachiller et al., 1991; Francolini et al., 1993; Stewart, 
1991), we transfected mature spermatozoa with lipo- 
some/DNA complexes. As shown in Figure 1, total DNA 
content in transfected spermatozoa was increased and 
was still resistant to DNase I. This result suggests that 
spermatozoa were at least bound to, or taken up by the 
exogenous gene. The taking up or binding of DNA by 
spermatozoa has been suggested to increase the trans- 
portation of foreign DNA into zygote cytoplasm or 
nuclei fertilized with the transfected spermatozoa (Fran- 
colini et al., 1993). Therefore, it was important to 
characterize whether or not liposome/DNA complexes 
were internalized into sperm membranes. If the exog- 



enous DNA associated with spermatozoa was able to 
penetrate through the barriers of the sperm membrane 
and/or to integrate into sperm chromatin, foreign DNA 
would naturally participate as a component of the male 
pronucleus by in vitro fertilization. By contrast, if DNA 
was not internalized in the sperm nucleus, simple 
binding of exogenous DNA onto spermatozoa would be 
ultimately diluted and would disappear in developing 
embryos (Laura and Gandolfi, 1993). As show* m 
Figure 2 in situ hybridization studies demonstrate 
that exogenous DNA was located on the sperm mem- 
brane or inner membrane. Even though fluorescence m 
situ or autoradiography provides an alternative analy- 
sis for DNA binding or uptake of foreign DNA onto 
spermatozoa, this methodology seems to be impractical 
for proving internalization of exogenous DNA into the 
sperm nucleus. Since in situ hybridization requires 
treatment of sperm with a hyper/hy^osmolar solu- 
tion it is possible that exogenous DNA bound onto 
sper^n cells can penetrate into the sperrn membrane. 
Therefore, Francolini et al. (1993) showed that exog- 
enous DNA was internalized or taken up into sperm 
ceils, but Caraaioni et al. ( 1992) did not report whether 
labeling patterns of spermatozoa by exogenous DNA 
were intracellular or on the membrane. To determine if 
sperm cells simply bound, or internalized the exog- 
enous DNA. we investigated the presence of multico- 
pies of plasmid DNA, which is the indicator of integra- 
tion into the chromosome. By analysis of PCR products, 
we could not detect the presence of mult.cop.es in 
spermatozoa and only detected a single band, which 
indicates only membrane binding of exogenous DNA 
onto sperm cells (data not shown). i* 15 

questionable whether sperm transferred foreign DNA 
into the oocyte nuclei. Considering that the packaging 
of sperm DNA, unlike somatic cells, was highly con- 
densed into a small volume by protamine (Cotten and 
Chalkley, 1985; Ward and Coffey. 1989. 1992; Wright et al., 
1991 Zani et al., 1995), it can be surmised that exogenous 
DNA will not integrate into the sperm nucleus but will 
simply bind to the sperm membrane. Thus, our results lead 
us to conclude that the introduction of exogenous DNA 
into mature spermatozoa may be an impractical tech- 
nique for producing transgenic animals. 

In this study, we found that exogenous DNA can be 
efficiently incorporated and expressed in male germ 
cells by direct introduction of liposome/DNA complexes 
into the male testis, in both mouse and pig. This 
indicates that this technique can be utilized as an 
efficient approach for producing transgenic animals. 
However, at the moment we have no representative 
data as regards how many transgene- positive male 
germ cells represent truly transgenic fetuses. So far we 
have examined the possibility of transfections of exog- 
enous DNA at the level of male germ cells. In addition, 
we have obtained 0-65% of X-gal-positive preimplanta- 
tion embryos by this method (unpublished data^ How- 
ever, it may be necessary to improve the transaction 
efficiency of male germ cells because the number ot 
spermatozoa with exogenous DNA among spermatozoa 
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matured from the transfected and untransfected male 
stem cells is relatively low. lb overcome this problem, 
we are going to test the possibility of selecting sperm 
with exogenous DNA from ejaculated sperm by flow 
cytometry using'an antibody, and we will attempt to 
improve the efficiency of transgenic livestock produc- 
tion by in vitro fertilization with concentrated sperm 
harboring foreign DNA. After the completion of this 
manuscript, we have critical evidence to verify our data 
(Ogawa et al., 1995), indicating that spermatozoa de- 
rived from transfected germ cells can transfer exog- 
enous DNA into oocytes. 
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